To quantify the prevalence of coronary artery calcification (CAC) in relation to cardiovascular risk factors in marathon runners, and to study its role for myocardial damage and coronary events.
Introduction
Regular physical exercise improves the cardiovascular risk profile and reduces cardiovascular disease (CVD) morbidity and mortality. 1, 2 Vigorous exercise, on the other hand, increases the shortterm risk of coronary events. 3 Coronary atherosclerosis is the main underlying cause of exercise-related coronary events not only among elderly persons unaccustomed to exercise, 4 but also in adult athletes including marathon runners. 5, 6 Over the past decades, the number of recreational marathon runners, including those at older age, is constantly rising. This trend may have implications for pre-participation cardiovascular † The opinions expressed in this article are not necessarily those of the Editors of the European Heart Journal or of the European Society of Cardiology. risk stratification. Identification of marathon runners at risk is difficult and the need for cardiovascular medical examinations remains controversial. 7, 8 The risk of sudden cardiac death associated with marathon running has been suggested to be too low to recommend routine screening for coronary artery disease (CAD). 9 In master athletes, pre-participation medical evaluations are nonetheless advised as a prudent measure before entering master sports training programmes. 8, 10 Standard clinical exercise tests can, however, be normal, even in the presence of rupture-prone coronary plaques. 5, 11, 12 Based on prospective studies in various cohorts, 13 it is speculated that advanced coronary artery calcification (CAC) in endurance athletes may be associated with an increased risk of cardiac events. 5 Yet, the role of subclinical coronary atherosclerosis in cardiovascular risk assessment has not been studied in marathon runners. In patients with CAD, the presence of cardiac magnetic resonance imaging (cMRI)-based myocardial late gadolinium enhancement (LGE) may reflect prior myocardial damage and is associated with an impaired prognosis, 14 but its association with subclinical CAC burden in healthy marathon runners is unknown. This study was designed to quantify the prevalence of CAC in relation to cardiovascular risk factors in marathon runners, and to study its role for myocardial damage and coronary events.
Methods
Details on the Marathon study design have been reported previously. 15 Participants were recruited in three ways: 1) an advertisement in a German marathon journal ('Runners World'), 2) a press conference during inauguration of the study, and 3) inclusion of colleagues and friends of participants, if inclusion criteria were met. Matched control groups were selected from the Heinz Nixdorf Recall Study (HNRS). 16 Both studies were approved by the local ethics committee and by the National Institute of Radiation Protection (Bundesamt für Strahlenschutz, Munich, Germany). All participants gave written informed consent prior to participation in both studies including informed consent for clinical follow-up and evaluation of hospital records.
Inclusion and exclusion criteria
Males 50 years were eligible, if they had completed at least five fulldistance marathons (42.195 km) during the preceding three years. Exclusion criteria comprised history of established heart disease, diabetes mellitus, angina pectoris, and renal failure, musculo-skeletal disease at inclusion preventing future regular marathon running, psychiatric disease, and unwillingness to give informed consent. 15 Two males were excluded from the study because of prior unreported myocardial infarction in one and severe renal failure because of untreated prostate disease in another.
Cardiovascular risk factors
Details on cardiovascular risk factor quantification and laboratory measurements have been described elsewhere. 15, 16 Blood pressure
was measured with an automated oscillometric blood pressure device (Omron 705-CP, Omron, Germany). Current smoking was defined as a history of cigarette smoking during the past year. Participants were defined diabetic if they either reported a physician's diagnosis of diabetes, if they were taking anti-diabetic medication, or if their fasting glucose level was .126 mg/dL. All questionnaires, including those to quantify weekly exercise, 17 interviews, and test protocols were identically used in both studies. The Framingham risk score (FRS) was computed as previously described. 16 
Electron-beam computed tomography
Non-enhanced electron-beam computed tomography (EBCT) scans were performed on C-150 scanners (GE Imatron, South San Francisco, USA). EBCT scans for the studies were obtained at three sites with identical scanning protocols as previously described. 18 The Agatston CAC score was quantified and percentile CAC values were calculated based on data from the HNRS. 18 The CAC score was not given to participants or to general practitioners in both studies.
Cardiac magnetic resonance imaging
cMRI scans were performed in the marathon study but not in the HNRS. All examinations were performed on a 1. 
Follow-up and definition of coronary events
Follow-up information was obtained from annual questionnaires and personal communication. Events were confirmed from hospital records. Coronary events were defined as sudden coronary death, myocardial infarction, and coronary revascularization.
Statistical analysis
For comparison with the general population, two groups matching the marathon runners (group I) were drawn from the HNRS cohort, restricted to males without CAD, aged 50 (n ¼ 1842). These were group II: 1:8 matching in four-year age classes, group III: 1:2 matching within +3 years of age, within +3 kg/m 2 body mass index (BMI), within +4% Framingham risk per 10 years, and by smoking status (present/former/never smokers). Furthermore, the matched cohort group III was restricted to HNRS participants without a history of stroke or diabetes (n ¼ 1597). Matching was performed using PROC SURVEYSELECT of SAS (SAS Institute Inc., Cary, NC, USA) to generate group II and the algorithm described in Schrö der et al. 20 to generate group III. Data were presented as mean + SD, median-25th and 75th percentiles (Q1 and Q3), or proportions, where appropriate. Correlations involving CAC score were calculated according to Spearman, associations with physical activity parameters were also analysed with linear regression analyses for log-transformed (CAC þ 1). To compare matching factors between groups, the Mann-Whitney U test, x 2 test, or Fisher's exact test were employed. To evaluate group effects controlling for matching factors, general linear or logistic models (PROC GLM or PROC LOGISTIC of SAS) were used. Because of the strongly skew CAC distribution, models for CAC were based on ranks. Predictive models for CAC were also calculated using general linear models, with the Agatston score transformed as log 2 (CAC þ 1). All linear regression models were inspected by analysis of residuals and checked for nonlinear dependencies. Except models for log 2 (CAC þ 1) there were no abnormalities.
Presence of LGE was modelled by logistic regression in one and two variables. Because of the low number of LGE, P-values from a twovariable model, comprising number of marathons (logarithmized), and CAC percentile values, were recalculated with exact logistic regression using LogXact (Cytel Software Corporation, Cambridge, MA, USA).
Event-free survival rates were estimated following the Kaplan-Meier method and overall group differences were evaluated by log-rank statistics. In addition, a Cox regression model with log-transformed CAC-log 2 (CAC þ 1)-as independent variable was calculated.
Results
One hundred and eight male runners aged 50-72 years were included in the study. They had completed 20 marathons (median value, Q1-Q3: 14-42), had started marathon running nine years ago (Q1-Q3: 7-16), and trained 55 km (approximately 35 miles) (Q1-Q3: 45-65) on five days per week throughout the year.
Matching
Our attempt to match two males out of 1597 eligible males from the HNRS with each marathon runner by age, BMI, and FRS did not result in an equal FRS but in a lower FRS in marathon runners than in group-III controls (7.0 + 3.6 vs. 7.7 + 3.4%, P ¼ 0.03) ( Table 1) .
Risk factor distribution
Compared with age-matched controls, marathon runners had a 42% higher high-density lipoprotein cholesterol, an 18% lower low-density lipoprotein-cholesterol, a 19% lower rate of ever smoking, a 12% lower systolic blood pressure, and a 15% lower BMI (Table 1) , resulting in a 51% lower mean 10 year FRS (7.0 + 3.6 vs. 14.3 + 8.2%, P , 0.0001).
Physical activity
Marathon runners had higher weekly metabolic equivalents (METs) and lower heart rates than both control groups ( curve-linearity in any of these relations, and the respective 95% confidence intervals (CIs) of estimated slopes all included zero.
Prevalence and extent of coronary artery calcification
A zero CAC score was more frequent in marathon runners than in age-matched controls, but was similar when compared with FRS-matched controls ( Table 2 ). The overall CAC score distribution was similar in marathon runners and age-matched controls ( Table 2 ) with similar rates of CAC 100 in these groups (36.1 vs. 36.3%, P ¼ 0.96) but higher rates in marathon runners when compared with FRS-matched controls (36.1 vs. 21.8%, P ¼ 0.01) ( Table 2 ).
Prevalence and predictors of myocardial late gadolinium enhancement cMRI studies were performed in 102 subjects. Reasons for nonparticipation were a cochlear metal implant (n ¼ 1), metal splinter in a rib (n ¼ 1), claustrophobia (n ¼ 1), refusal of contrast administration (n ¼ 2), and poor image quality (n ¼ 1).
LGE was observed in 12 persons (12%) with n ¼ 5 (42%) showing a subendocardial scar pattern typical of ischaemia and n ¼ 7 (58%) with a mid-myocardial patchy pattern suggesting non-ischaemic origin. Runners with LGE had a higher CAC score vs. those without LGE [median CAC (Q1-Q3): 192 (129-603) vs. 26 (0-159), P ¼ 0.0046]. In univariate analysis, the CAC score, CAC percentile values, and the number of marathons but not the FRS were associated with LGE ( Table 3) . In multivariable analysis, CAC percentile distribution and the number of marathons remained independently associated with the presence of LGE ( Table 3) . These associations were confirmed by exact logistic regression.
Follow-up and events
No marathon runner died during 21.0 months [interquartile range (IQR) 18.6-24.0 months) of follow-up. Coronary events occurred in four runners ( Table 4) . Two of these were sudden (hard) coronary events and two others were revascularizations. The first runner with an event (CAC ¼ 874, Table 4 ) was successfully resuscitated after 7 km during a 10 km race. Coronary angiography revealed significant stenoses (.80% lumen reduction) in all three vessels. The second runner with an event (CAC ¼ 472, Table 4 ) underwent uneventful coronary artery bypass graft (CABG) surgery because of left main disease and significant angiographic two-vessel disease, which was identified during additional testing, as previously published in detail. 11 Revascularization in the third event (CAC ¼ 171, performed after a marathon competition demonstrating ST-elevation. A subsequent echocardiogram showed septal wall motion abnormality, which was followed by invasive angiography, demonstrating significant left anterior descending stenosis and myocardial bridging of a septal branch. The fourth event (CAC ¼ 128, Table 4 ) occurred just after moderate physical exercise. The participant was successfully resuscitated. Coronary angiography demonstrated significant three-vessel disease followed by CABG surgery. At present, all these runners are fit and well. Distribution of CAC in runners with events was as follows-CAC ,100: 0 of 69 (0%); CAC 100 to ,400: two of 25 (8%), and CAC 400: two of 14 (14.3%). The difference in event rates among CAC groups reached statistical significance using log-rank analysis but just failed to reach statistical significance using Cox regression analysis (Figure 1 ).
Discussion
The present study was designed to examine the prevalence of subclinical atherosclerosis in relation to cardiovascular risk factors and their role for myocardial damage and outcome in accomplished recreational marathon runners. To our surprise, given the substantial evidence that physical activity reduces CAD event rates, 1 LGE, late gadolinium enhancement; VD, vessel disease; b.p.m., beats per minute; VT, ventricular tachycardia; CABG, coronary artery bypass graft; HDL, high-density lipoprotein; LDL, low-density lipoprotein; CAC, coronary artery calcium; MET, metabolic equivalent; no., number. No marathon runners with CAC ,100 experienced a coronary event, while 8% and 14.3% of those with CAC 100 to ,400 and 400, respectively, required revascularization during follow-up. Using Cox regression analysis, hazard ratios for a two-fold increase in log 2 (CACþ1) were: hazard ratio ¼ 1.51, 95% confidence interval ¼ 0.97 -2.36, P ¼ 0.07. The numbers pertain to the subjects with events in Table 3 .
The risk of coronary events myocardial damage, which was evidenced by LGE in 12% of runners. Our outcome data suggest that higher CAC scores may be associated with higher rates of events. There are several possible explanations for these findings. With respect to the mismatch between FRS and the extent of CAC in marathon runners, many of the runners have commenced marathon running in middle-age. Consequently, their cardiovascular risk factors could have been reduced by exercise training and may not reflect their life-long risk exposure. In fact, more than half of our runners were previous smokers and 5% of runners reported active smoking. This would also explain the comparatively low CAC scores in controls matched for age and FRS, which may have had life-long protection from the atherogenic effect of cardiovascular risk factor exposure. The clinical implication of this possibility is that standard risk factor estimates may lead runners and their physicians to underestimate the athletes' true risk. Risk stratification in marathon runners is further rendered difficult by improved microvascular function in marathon runners, which can compensate for severe epicardial plaque burden and thereby concealing the true extent of coronary atherosclerosis. 11 This may in part explain why all runners in our study were asymptomatic at rest and during running despite considerable atherosclerosis in so many. In our study, CAC scores were not related to any measure of physical activity in any of the groups. Given the expected population-wide annual increase in CAC of 15 -20%, 18 regular marathon running seems not to protect runners from CAC progression once CAC is present. In fact, we even cannot exclude the possibility that exercise to this degree has deleterious effects on coronary arteries. This seems unlikely given the substantial experimental 22 and clinical 1, 2, 23, 24 evidence for the benefits of regular physical activity, but no epidemiological studies have so far examined individuals engaged in such prodigious amounts of exercise as our marathon runners. Several mechanisms may be involved: regular exhaustive exercise during marathon and its required training may induce a rise in vascular oxidative stress because of a high-flow, high-pressure condition, to a point at which it challenges anti-oxidative capacity. 22 Bursts of inflammatory cytokines, which almost invariably occur during marathon running, 25 may also accelerate the atherosclerotic disease process and impair intramyocardial microvascular integrity, whereas no ischaemia is detected during a short-term diagnostic exercise protocol. The possibility that marathon running and the required training aggravates pre-existing non-calcified atherosclerosis and has a role in LGE development is clearly speculative based on our crosssectional data. However, it is interesting given recent reports of myocardial injury during marathon running and the observation of prevalent myocardial damage in our runners. Others have demonstrated increases in myocardial troponin levels in recreational marathon runners and other endurance athletes. 26 -29 The cause of such possible myocardial damage is unclear, but unlikely owing to epicardial coronary artery obstruction. Evidence of myocardial damage was found in 12% of our 108 runners. A pattern highly suggestive of myocardial ischaemia was seen in 42% of these, whereas the others demonstrated more patchy defects. We have previously shown that infusion of small particles of 10-100 mm in diameter into porcine coronary arteries leads to haemorrhagic and patchy patterns of myocardial damage, depending on particle size. 30 Embolization of microthrombi or atherosclerotic plaque material into the microvasculature is also conceivable during marathon running, because excessive mechanical forces may put strain on plaques and thereby cause plaque erosion or fissuring with subsequent epicardial thrombus formation 8 and microembolization. 31 An increased exercise-induced thrombogenicity from increased catecholamine-induced platelet aggregation, or an imbalance in fibrinolytic/prothrombotic factors 32, 33 may also have a role in such thrombus formation. It is therefore possible that both the myocardial injury reported after marathon running 26 -29 and the myocardial damage in our marathon runners are in part due to small thrombotic or even atherosclerotic emboli. The presence of myocardial LGE has recently been shown to predict cardiac events in patients with CAD.
14 In marathon runners, such damaged myocardium may be a substrate for an increased susceptibility to arrhythmias in response to increased exercise-related catecholamine levels, 8 and hence may contribute to cardiac events. In our study, CAC scores were higher in those runners with LGE, supporting a pathophysiological link between epicardial subclinical plaque burden and intramyocardial microvascular damage, as indicated above. Even though CAC is not a measure of plaque vulnerability at that site, 34 the increasing rate of coronary events in parallel with increasing CAC scores may indicate increased plaque vulnerability or susceptibility for plaque rupture or fissuring somewhere else in the coronary tree. The precise mechanism by which elevated epicardial plaque burden may increase the likelihood of myocardial damage and vulnerability, remains to be shown.
Limitations
Our data do not apply to women and may not be representative for all marathon runners, as we cannot exclude recruitment bias. Participants may have had previous risk factors, a recent reduction in exercise capacity or recently discovered CVD in a relative. However, we have excluded all subjects with known CVD, diabetes, or any symptoms of CVD, and participants have been running regularly for nine years. The risk factor profile in our cohort is therefore typical for many marathon runners and is expected to be worse in many others. This pertains in particular to diabetic athletes, who have been excluded from this study. Because of different recruitment strategies and inclusion criteria between the two studies, our findings are subject to selection bias: marathon runners were self-referred because they could not be randomly selected as the participants in the HNRS. They also had to be fit and healthy beyond age 50 to be included, while this was not the case in the HNRS.
Our cohort of marathon runners is heterogeneous with regard to duration of regular physical exercise and marathon running, as evidenced by the interquartile ranges of years of active running, number of marathons completed, and the weekly training mileage. Participants may also differ in their engagement in sports other than marathon running. We believe, though, that our findings reflect the typical spectrum of risk factor and atherosclerosis burden in males .50 years participating in marathons.
It is conceivable that the ratio of calcified and non-calcified atherosclerotic plaque differs among persons who are regularly exposed to exhaustive exercise and those who are not, because repetitive increases in shear stress and mechanical forces may predominantly impact on the calcified plaque component. Currently, there are no data to support this hypothesis, which can only be assessed non-invasively by additional administration of contrast agent and high-resolution computed tomographic techniques.
We have discussed oxidative stress, microembolization, bursts of inflammation or increased thrombogenicity as potential mechanisms for the pathogenesis of LGE. Yet, other mechanisms, such as subclinical myocarditis, vasculitis, or cardiomyopathy 19 as well as coronary vasospasm or anomalies including myocardial bridging 5 may also have been involved in its development in some athletes, even though marathon runners with any known current or previous CVD were excluded from this study. Further, the HNRS cohort did not undergo CMR scanning at baseline investigation, which precludes a comparison of the prevalence of LGE among these cohorts. Two events were revascularizations and were in part subject to surveillance bias. The significant stenoses in runners free of symptoms may have been missed outside this prospective study. Even though statistically significant, our event data should therefore be interpreted with caution and longer follow-up in larger cohorts is required. Ideally, event rates in marathon runners should be compared with those in the control groups. However, outcome data from the HNRS will only be available in 2009. Our findings are in a similar magnitude, though, as previously reported from other asymptomatic low-risk cohorts and are in line with existing evidence on the prognostic value of CAC. 13 
Conclusions
Regular marathon running has a beneficial effect on the cardiovascular risk factor profile but the extent of calcified coronary plaque is underestimated from that risk factor profile, with 36% of marathon runners aged 50 having a CAC score 100 and 9% of these requiring coronary revascularization during two years of follow-up. Advanced CAC scores seem to contribute to increased myocardial damage and appear to impair outcome. Frequent marathon running may not protect these athletes from the risk of coronary events.
